β-SiC and β-SiC/SiO 2 core-shell nanowires (NWs) grown on silicon substrates by three different processes, based on the use of i) carbon monoxide, ii) silane with propane and iii) carbon tetrachloride precursors, are analysed by structural and optical techniques. Spectroscopic cathodoluminescence studies show a luminescence enhancement in core-shell structures, ascribed to an effective role of the shell as both carrier injecting barrier and passivation layer. In NWs grown using CCl 4 precursor, a peculiar luminescence with dominant red component at about 2 eV has been detected and ascribed to point defects related to an unintentional oxygen incorporation.
Introduction
Nanowires (NWs) open promising near-future perspectives for the design and fabrication of nanoscale devices [1] . The main interests in SiC NWs concern nano-electronic devices (e.g. nano fieldeffect transistors), nano-electromechanical systems able to operate even in harsh environments, and nano-sensors exploiting the wires as biocompatible nanoprobes for biological systems. In this paper we compare the structural and optical properties of β-SiC and β-SiC/SiO 2 core-shell NWs grown on Si substrates by three different processes, based on the use of i) carbon monoxide, ii) silane with propane and iii) carbon tetrachloride precursors. The properties of the NWs were analysed by transmission electron microscopy (TEM) and SEM-Cathodoluminescence (CL).
Experimental
The growth methods investigated for the nickel-catalysed growth of SiC NWs on Si substrates are: i) CVD growth of SiC/SiO 2 core/shell NWs on n-type Si (001) substrates, using CO as the carbon source. The synthesis, performed at temperatures between 1050-1100°C in an open-tube, is based on the carbothermal reduction of silica present as the native oxide on the substrate surface [2] . ii) VPE growth of SiC NWs on Si (001) and (111) substrates. The growth is performed at 1100°C in a home-made reactor, using propane and silane as precursors both diluted (3%) in hydrogen. iii) synthesis of SiC NWs by chemical reaction on Si (001) substrate, using CCl 4 as the carbon source [3] . The growth proceeds as a three step process: thermal decomposition of CCl 4 , reaction between chlorine decomposition products and silicon (substrate surface and silicon vapour) to form silicon chlorides, reaction of the chlorides with carbon atoms to yield silicon carbide. The synthesis is performed at 1000°C in an open silica tube under a flow of nitrogen. The growth is assisted by nickel according to the preferential interface nucleation mechanism [4] . In the open tube processes, the silicon substrates are dipped in a Ni(NO 3 ) 2 solution before entering the furnace. In the VPE process, Ni nanoparticles are obtained by thermal dewetting (at 1100°C for 5 minutes) of nominally 4 nm thick films deposited in a separated evaporation chamber.
The morphological, structural and optical characterization of the NWs was performed in a Cambridge S360 Scanning Electron Microscope (SEM) equipped with a Gatan MONOCL2 system and a photomultiplier detector for CL experiments, and in a 200 kV JEOL 2200FS microscope equipped with in column Ω-filter, High Angle Annular Dark Field (HAADF) detectors and Energy Dispersive X-Ray (EDX) spectrometer for structural and compositional TEM studies. Fig.1 shows on the left typical SEM images of a core/shell sample (a), a VPE-grown sample (b) and a sample grown with CCl 4 precursor (c). A dense network of NWs several hundred microns long and with SiC diameter below 80 nm is obtained, independently of the growth method. In selected VPE growth conditions, tapered NWs are obtained with a near tip region of about 10 nm ( Fig. 1b,e ). Typical TEM images of single NWs for each set of samples are shown in Fig. 1 on the right. It is confirmed by selected area electron diffraction and high resolution analysis that the NWs are crystalline 3C-SiC with (111) growth axis. The insertion of planar stacking defects (SFs, twins) on (111) planes and the occurrence of very local stacking sequences of 2H, 4H and 6H polytypes is observed in some areas. These results are consistent with literature results on planar defects and phase transitions in 3C-SiC whiskers [5] [6] . Compositional analyses performed on the CVD-grown NWs highlight their core/shell structure, as seen by Energy Filtered TEM (see the zero-loss image in Fig. 1d ) and HAADF images (inset in Fig.1d ). The crystalline core is surrounded by an amorphous shell, which is identified as silicon dioxide by EDX point spectra (measured oxygen to silicon ratio very close to two). EDX maps and HAADF images acquired in the tip region (see insets in Fig. 1d,e ) confirm the presence of a high-Z nichel-containing particle on top of the NWs, consistently with a VLS growth mechanism. NWs grown by different methods have different optical properties, as detected by CL spectroscopy. Fig. 2 shows typical CL spectra taken at room temperature on core/shell wires and wires grown with CCl 4 precursor. The VPE-grown NWs show a very weak luminescence, and their spectra are not plotted due to the low signal to noise ratio. The emission band related to 3C-SiC near-band-edge (NBE) transition is detected at 2.2-2.3 eV in all samples. In core/shell NWs this is convoluted with a blue emission at about 2.7 eV, which increases and becomes dominant under electron beam irradiation. Additional experiments performed after etching treatments confirm the attribution of this blue luminescence to oxygen deficiency centers in the amorphous silicon dioxide shell [7] . As the impinging electron beam hangs over the NWs during CL experiments, additional centers are created and the emission increases as observed in Fig. 2 . A comparison between the core/shell and the VPE-grown NWs in the same CL injection conditions suggests that the radiative recombination efficiency is lower in the latter. This points out that the shell, acting both as carrier injecting barrier and passivation layer, plays a beneficial role to enhance the luminescence of the SiC core.
Results and discussion
In NWs grown using CCl 4 the spectrum (Fig. 2, right) is dominated by a red emission around 2 eV. Gaussian deconvolution identifies three intense subbands: the SiC NBE transition at 2.2 eV and two anomalous components centred at 1.73 eV and 1.95 eV (dominant). A reference spectrum was acquired from a region of the substrate not covered by the NWs to eliminate possible contributions from porous silicon or silicon dioxide substrate. Since the luminescence from the substrate in this spectral region is about three orders of magnitude weaker, any spurious contribution can be excluded. In agreement with literature data, the emission at 1.73 eV can involve deep levels in 3C-
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SiC with an activation energy of about 0.5 eV [8] [9] . The dominant red emission at about 1.95 eV can be tentatively assigned to the presence of substitutional oxygen on carbon site (O C defects), unintentionally incorporated due to contaminants present in the open-tube growth [10] [11] . Finally, a high-energy emission is observed in the CL spectrum at 2.55 eV. Luminescence above the band-gap in cubic SiC has been previously debated in the literature: attributions to quantum confinement effects in nanowhiskers [12] , effects of morphology, orientation, defects and facets' dangling bonds in nanowires [13] , or to recombination involving surface/interfacial groups [14] have been proposed. Since we have a typical NW size too large to achieve appreciable quantum confinement, the weak blue emission detected in CL could be more likely related to surface modifications.
Conclusions
β-SiC and β-SiC/SiO 2 core-shell NWs have been grown on silicon substrates by three different processes: i) CVD growth using CO as the carbon source, ii) VPE growth with silane and propane precursors, iii) synthesis by chemical reaction with carbon tetrachloride single precursor. The lattice structure and the elemental composition of the wires have been assessed by transmission electron microscopy studies. Spectroscopic cathodoluminescence experiments have been performed, finding a luminescence enhancement in core-shell structures due to a beneficial role of the shell SiO 2 layer. In NWs grown using CCl 4 precursor, an anomalous red luminescence centered at about 2 eV has been detected and ascribed to point defects related to an unintentional oxygen incorporation.
